Aortas and portal veins from spontaneously hypertensive rats (SHR) and matched normotensive Wistar-Kyoto rats (WKY) were studied with respect to their energy turnover and mechanical properties. Relaxed aortas from SHR 16-17 weeks and 20-25 weeks of age were stiffer, had smaller circumference, and greater maximal active wall tension compared to WKY aortas. Active stress (force/area) was not different. Passive and active length-force relations of portal veins from 16 to 17-week-old SHR and WKY were not different. O 2 consumption (Joj) and lactate production (Jm) were studied in aortas and portal veins from 20-to 25-week-old rats. In relaxed aortas, Jo, was 0.63 ± 0.03 (n = 11) and 0.54 ± 0.03 (n = 10) junol/min per g dry wt in SHR and WKY, respectively (P < 0.05). On activation by high-K + solution, JCH increased with tension in a similar way in both groups. In contrast, JLA, about 0.85 jumol/min per g, did not differ, and decreased with tension development. Jo, of relaxed portal veins, about 1.5 jumol/min per g dry wt, and the increase in Jo 2 with contraction were not different between SHR and WKY, but the J<>2-active stress relation was steeper in spontaneous activity than in K v + contractures. JLA was similar in SHR and WKY portal veins, about 1 /imol/min per g, and unlike behavior of the aortas, it increased with tension. Thus it is evident that SHR show increased arterial metabolism, which is not accounted for by an increased energy demand of the contractile system. Circ Res
THE increased peripheral resistance in hypertension may be caused by several possible mechanisms. Regardless of the ultimate cause of the hypertensive state, however, the vessel wall shows characteristic alterations. A hypertrophy and/or hyperplasia of the vascular smooth muscle seems to be found generally (Wolinsky, 1970; Mulvany and Halpern, 1977; Seidel, 1979) and, according to the Folkow hypothesis (cf. Folkow et al., 1973) , the resulting increased wall:lumen ratio in itself enhances the resistance response to activation of the smooth muscle. It is however also important to characterize any possible changes in the smooth muscle cells themselves which may be related to the hypertension, either as cause or consequence.
Extensive studies of the spontaneously hypertensive rat (SHR) have been performed with regard to contractile properties of its vascular smooth muscle. Conflicting results have been obtained as to whether vascular smooth muscle from SHR produces more, less, or equal force in relation to various normotensive controls (Spector et al., 1969; Hall-back et al., 1971; Shibata et al., 1973; Greenberg and Bohr, 1975; Hansen and Bohr, 1975; Sutter and Ljung, 1977; Greenberg et al., 1978; Mulvany et al., 1978; Mulvany et al., 1980) . Changes in enzymatic activities related to membrane transport as well as to intermediary metabolism in vascular tissue from SHR have been reported (Ooshima, 1973) . Increased ionic turnover and membrane "leakiness" (Jones, 1973 (Jones, ,1974 Jones and Hart, 1975; Friedman, 1974) , as well as an increased electrogenic component of the Na-K pump (Hermsmeyer, 1976) , also have been found. Friedman and Friedman (1976) have proposed that increased intracellular Na + would lead to enhanced synthesis of cellular proteins, some associated with Na + and K + transport. All these effects may be expected to influence the total energy turnover of the smooth muscle cells. In aortas of DOCA-hypertensive rats, Daly and Gurpride (1959) found increased cytochrome oxidase activity and increased O 2 uptake. Later, an increased carbohydrate turnover also was reported (Daly, 1976) . In these metabolic studies, however, no information on the contractile state of the smooth muscle was obtained, and it is therefore not possible to differentiate between an increased energy turnover in the contractile apparatus and in other cellular functions.
No study of vascular smooth muscle metabolic rate in SHR has been reported so far, and in particular a correlation of metabolic properties with mechanical state has not been made. We have mea- VOL. 48, No. 4, APRIL 1981 sured O 2 consumption and lactate production, simultaneously with force development, of aorta and portal vein from SHR with established hypertension and from matched normotensive Wistar-Kyoto (WKY) controls. We made a separate study of mechanical length-tension relations which enabled us to perform the metabolic investigation under controlled mechanical conditions, as well as to obtain useful information on vessel mechanics. The aorta and portal vein were chosen in an attempt to gain insight into whether possible changes with hypertension are confined to vascular segments with increased pressure, or whether they represent generalized vascular effects.
Methods

Animals and Preparations
Spontaneously hypertensive rats of the Okamoto strain (SHR) and age-matched normotensive Wistar-Kyoto rats (WKY) were studied at two different ages, 16-17 weeks (group A), and 20-25 weeks (group B). Male rats were obtained at 11 weeks of age from Mollegaards Avelslaboratorium, Skensved, Denmark. The rats were housed five in each cage, handled by the same person, and were given standard rat feed (Astra-Ewos) and water ad libitum. Prior to each experiment, the rats were weighed and then lightly anesthetized with ether. A small amount of lidocain (10 mg/ml) was applied around a small incision in the proximal part of the tail to avoid vascular spasm. The tail artery then was cannulated with a small polyethylene tube connected to a Statham P23Dc pressure transducer, and the mean arterial blood pressure and heart rate were recorded on a Grass Polygraph, model 7. In some experiments, the portal venous pressure was also recorded via an abdominal incision. The rats were killed with an overdose of ether and the heart excised and weighed. Thereafter the abdominal aorta and/or the portal vein were dissected out.
The portal vein, about 6-8 mm long, was freed from fat and adventitial tissue, cut open, and mounted longitudinally. A segment approximately 4.0 mm long of the abdominal aorta, between the renal arteries and the iliac bifurcation, was dissected out and freed from adventitial tissue. In the experiments on group A animals, a piece approximately 3.5 mm in length was used. In the experiments on group B rats, the aortle preparation was divided into three equal parts. The two parts representing the cranial two-thirds were mounted in a chamber for metabolic studies and the caudal third was used for length-tension experiments in an open organ bath (see further below).
Solutions
The solutions used were as follows: (1) "normal Tris," containing in mM: NaCl, 120; KC1, 6.0; MgCl 2 , 1.2; CaCl 2 , 2.5; glucose, 11.5; Na 2 Ca-versenate, 0.026; and tris(hydroxymethyl)aminomethane (Trizma base, Sigma Chemical Co.), 23 mM, titrated with HC1 to a pH of 7.4 at 37°C, (2) "nominally Ca 2+free Tris," obtained by omitting CaCl 2 from the normal Tris solution, (3) "high-K + Tris," like normal Tris in composition, except that 100 mM of NaCl was replaced by an equal amount of KC1, and that different Ca 2+ -concentrations were used, obtained by varying the amount of added CaCl 2 . In the organ bath, the solutions were gassed with 100% O 2 . In the metabolic studies, the solution was gassed with air prior to entry into the chamber (see below). In addition, in these experiments, penicillin G (100 mg/liter) and streptomycin (300 mg/liter) were added as their Na + salts to reduce bacterial contamination.
Mechanical Experiments
Length-tension studies were performed on the aorta and portal vein of group A rats and on the aorta of group B rats. The portal veins were fixed at one end and tied to a Grass FT03 force transducer, whereas the aortas were mounted as cylinders on parallel pins (diameter, 0.3 mm each) one of which was connected to the force transducer. The muscles were allowed to accommodate in normal Tris solution for about 45 minutes. The preload on the portal veins was approximately 4.0 mN and on the aortas 10.0 mN/mm segment length, i.e., a tangential wall tension of 5.0 mN/mm. A conditioning contracture was elicited by exposing the muscles to high-K + Tris with 2.5 mM Ca 2+ for 3 minutes. The muscles then were relaxed in nominally Ca 2+free solution and shortened. Passive and active tension as well as muscle length then were recorded for increasing muscle lengths according to the following protocol: (1) accommodation at each length in nominally Ca 2+ -free Tris for 5 minutes, giving passive tension; (2) contraction in high-K + Tris (2.5 mM Ca 2+ ) for 3 minutes, giving active tension; (3) relaxation in nominally Ca 2+ -free Tris for 10 minutes; (4) change to new length, then back to step (1) above.
Metabolic Experiments
The muscle preparations were mounted at optimal length for tension development in a glass chamber equipped with an O 2 electrode and a stirrer, as described by Hellstrand (1977) . In the present study the plug sealing the chamber was made of glass. The chamber (volume, 1.3 ml) could be perfused by means of a peristaltic pump (Sage 375A). A flow rate of approximately 1.3 ml/min was used; the exact rate was determined at each experiment. The portal veins were connected to the force transducer via a fine glass capillary. The two cylindrical segments of the aorta were mounted on two parallel pieces of platinum wire (diameter, 0.3 mm each), one fixed at the bottom of the chamber and the other, shaped as an inverted T, connected to the force transducer via a silk thread for registration of isometric circumferential force. Muscles were allowed to accommodate for 45 minutes in normal Tris before the experiment started. O 2 consumption (Jo 2 ) and lactate production (JLA) were measured both in the relaxed muscle and at different levels of active force development. Contractures of different strength were elicited by adding Ca 2+ to the high-K + solution. In addition, the force development during spontaneous activity of the portal vein, in normal Tris, was varied by changing muscle length. The mean force during spontaneous activity was obtained by analog integration of the force signal. Jo 2 and JLA under different conditions were analyzed during 15-minute periods according to the following protocol: (1) 4 minutes of perfusion to ensure adequate solution exchange; (2) chamber closed for 10 minutes of Jo 2 measurement (force values obtained during this period were used in the later analysis); (3) perfusion started and perfusate collected during 1 minute for lactate determination. Blanks were drawn at the same time from the inflow solution. The samples were frozen for subsequent lactate assay by the method of Lowry and Passoneau (1972) , using a Farrand A4 filter fluorometer. Lactate production during the time the chamber was closed was calculated from these samples. The assumption was made that the chamber was stirred well and that the lactate concentration of the outflow corresponds to that of the chamber, giving a monoexponential decay of the lactate concentration in the chamber during perfusion. The validity of these assumptions and calculations was confirmed separately by loading the chamber with lactate and analyzing aliquots of perfusate.
For the aortas, a conditioning contracture in high-K + solution with 2.5 mM Ca 2+ was made first. Measurements, using the 15-minute periods described above, then were made according to the following protocol: (1) normal Tris, (2) nominally Ca 2+ -free Tris, (3) high-K + Tris (0 mM Ca 2+ ), (4) high-K + Tris (0.5 HIM Ca 2+ ), (5) high-K + Tris (2.5 mM Ca 2+ ). In the last two periods the addition of Ca 2+ resulted in graded force of the contractures. For the portal veins, spontaneous activity in normal Tris first was analyzed at optimal muscle length for tension development and then at a 70% reduction of muscle length. Thereafter the muscles were set at the initial length and a conditioning contracture in high-K + Tris with 2.5 mM Ca 2+ was made. After relaxation, measurements were made in nominally Ca 2+ -free Tris. It was not possible to accomplish longstanding contractures in the same way as for the aortas and, therefore, successive K + contractures with 2.5 mM, 0.5 mM, and 0 mM Ca +2 were elicited, each preceded by 10-minutes relaxation in nominally Ca 2+ free Tris and 5-minutes deplorization in nominally Ca 2+ -free high-K + Tris.
At the end of each experiment, the muscle dimensions were determined by microscopy with an ocular scale. The muscle then was removed, gently blotted, and weighed on a Cahn electrobalance. The muscles were dried overnight in low pressure at 70°C and dry weight was determined. All metabolic data are expressed relative to dry weight. The optimal muscle length for tension development derived from the length-tension studies will be called l o . The cross-sectional area (A o ) of the portal vein at lo was determined from the wet weight and the length, assuming uniform thickness and a density of 1.05 mg/mm 3 . For aortas, the wall thickness (d o ) was determined from the wet weight, length, circumference, and geometrical shape of the vessel as mounted at lo, assuming a density of 1.06 mg/mm 3 . For aortas, "tension" denotes tangential force per unit length of vessel wall. Active stress (P) was calculated for portal veins as developed force/A o , for aortas as developed tension/d 0 .
In the analysis of the passive stress-stain relations, the unstressed length of the preparation was used for normalization. In each experiment on aortas, the circumference-tension data could be fitted with good accuracy by a monoexponential function. By extrapolation to the x-axis (tension = 0), the unstressed circumference, l min , was computed. This procedure to determine the unstressed length was not possible for the portal vein due to the shape of the relation. Instead, the muscle length at a passive force of 1 mN was used as l min . Passive stress and strain are used here in the Lagrangian sense, i.e., passive stress (T) was computed as force divided by the cross-sectional area at l min , and strain as the extension ratio (X), the ratio of aortic circumference or portal vein length to lmin.
All curve-fitting was performed on an Alpha-LSI minicomputer, using the least squares method of minimizing the perpendicular distances to the fitted curve.
Statistics
All values are given as means ± SEM. Number of observations are given within parentheses; *, **, and *** refer to P < 0.05, P < 0.01, and P < 0.001 in comparisons of SHR vs. WKY by Student's ttest for unpaired data.
Results
Characteristics of Experimental Animals
Characteristics of the SHR and WKY used are shown in Table 1 . In both age groups (A: 16-17 weeks, B: 20-25 weeks), the SHR had a lower body weight than the controls. Blood pressure was measured intraarterially during light ether anesthesia. In SHR from the same supplier, blood pressure under ether anesthesia was found to be 30% lower and heart rate correspondingly higher than values measured in the conscious animals via chronically implanted catheters (B. Ljung, personal communication). This probably is the reason for the com- VOL. 48, No. 4, APRIL 1981 
Contractile Properties of the Vascular Smooth Muscle
Determinations of isometric length-tension relations were performed on the circular smooth muscle in segments of abdominal aorta and on longitudinally mounted portal veins. The smooth muscle was activated by high-K + medium (2.5 DIM Ca 2+ ).
Aorta Figure 1 shows summarized circumference-tension relations for aortas from group A and group B rats (left and right panels). The upper panels show passive tension and the lower panels, active tension at corresponding vessel circumferences. Since active tension was generally much smaller than passive, the tension scale has been expanded in the lower panels. Unfilled and filled circles denote the data from WKY and SHR, respectively. Circumference values are given in absolute units and thus are not normalized. The passive circumference-tension relations (upper panels) are of roughly exponential shape, and in SHR the relation is displaced toward smaller circumference values. With increasing age, the relations are shifted slightly to the right. As the lower panels of Figure 1 indicate, the active circumference-tension relations show the same kind of horizontal displacement between SHR and WKY data as the passive relationship. The optimal circumference for active tension development (L) is consistently smaller in SHR. In the younger rats (group A), maximal active tension was similar in SHR and WKY whereas, in group B, active tension at L> was significantly greater in SHR. In Figure 1 have been inserted the 100 and 150 mm Hg isobars, calculated according to the law of Laplace. At L>, the pressure that could be sustained by the contracted vessel (passive + active tension in Figure 1 4.02 ± 0.16 (6) 0.148 ± 0.004 (6) 4.84 ± 0.57 (6) 4.21 ± 0.52 (6) 28.10 ± 3.02 (6) 3.43 ± 0.14** (6) 0.158 ± 0.015 (6) 4.14 ± 0.70 (6) 4.70 ± 0.45 (6) 30.43 ± 2.55 (6) 5.07 ± 0.10 (12) 0.105 ± 0.006 (12) 9.37 ± 0.75 (10) 3.48 ± 0.44 (12) 34.38 ± 4.73 (12) 4.21 ±0.14'*' (10) 0.119 ± 0.005* (10)
6.94 ± 0 . 2 6 " (10) 5.10 ±0.39** (10) 44.63 ± 5.47 (10) = calculated wall thickness. Passive wall tension (PT), active wall tension (AT), and active lo = optimal circumference for tension development, d o stress (P) at U are shown.
• P < 0 . 0 5 ; " P<0.01; < < > P < 0.001.
pressure of 100 mm Hg. This relation is similar in WKY and SHR at both age groups and is comparable to the value reported by Mulvany and Halpern (1977) for arterial resistance vessels of SHR and WKY. Additional quantitative aspects of the circumference-tension relations of the aortas are shown in Table 2 , which sets out values of lo as well as the corresponding calculated wall thickness (do), passive and active tension (tangential force/mm vessel wall length), and active wall stress (force/area). In group A there was no significant difference between SHR and WKY with respect to either of the latter four parameters, but l o was significantly smaller in SHR. In the aortas from the older rats (group B), however, the SHR showed, in addition to a lower L, an increased wall thickness and active tension. On the other hand the passive tension at lo was slightly lower in SHR. Active stress tended to be greater in SHR, but no significant difference was found. To characterize further the passive elastic properties of the aorta, stress (T) and extension ration (X) data were computed as described in Methods. The arterial wall is a highly nonlinear elastic material and thus could not be described by the Young elastic modulus solely. The incremental elastic modulus (i.e., AT/AX) often is used in stress-strain analysis, although it has the disadvantage of being dependent on strain level. Fung (1967) has proposed that an exponential relation could be used to describe the entire stress-strain curve. In the present study, the stress-extension ratio data of the individual experiments were fitted to the equation
The constants A and B of Equation 1 characterize the stress-strain relation. The dimensionless "stiff-ness" constant, B, gives information on the degree of nonlinearity of the curve (note: dT/dX = B A e B \ which implies that B controls the dependence of the incremental elastic modulus on strain). The constant C is added to the model to account for the initial condition: T = 0 when X = 1. The constants A, B, and C, as well as the unstressed length of the preparations (l m in), are given in Table 3 . The l min of SHR is significantly smaller (P < 0.05) than that of WKY in both age groups. In the 16-to 17-week-old rats, B was significantly (P < 0.01) greater in the SHR group. This would indicate a greater nonlinearity, "stiffness," in the SHR aorta.
Portal Vein
The length-force relations obtained from the longitudinal smooth muscle of portal veins from group A rats are shown in Figure 2 . The upper panel shows passive and the lower panel active force, on similar scale. Although the passive length-force relation appears displaced to the right for SHR, it is clear from the spread of the data that the difference is insignificant. Similarly, there was no significant difference in the active length-force relation of the SHR relative to that of WKY. Notice, however, that contrary to the case for the aortic circumference-tension relation, there is no obvious standard for the length of a portal vein, and any inconsistency in the dissection procedure increases the horizontal spread of the data when presented in absolute units, as in Figure 2 . Although passive and active forces at lo were similar in WKY and SHR portal veins, the cross-sectional area (Ao) at lo of the latter was significantly smaller. However, although active stress tended to be greater in SHR, no significant difference was found.
Stress (T) and extension ratios (X) for the portal 2.70 ± 0.04 (6) 18.0 ± 3.7 (6) 0.84 ± 0.06 (6) -40.0 ± 5.6 (6) 2.55 ± 0.07* (6) 12.9 ± 2.8 (6) 1.11 ± 0 . 0 6 " (6) -37.3 ± 5.8 (6) 2.89 ± 0.10 (12) 19.3 ± 8.8 (11) 1.28 ±0.13 (11) -45.9 ± 12.9 (11) 2.62 ± 0.08* (10) 7.1 ± 1.6 (9) 1.59 ± 0.17 (9) -29.3 ± 3.8 (9) Unstressed lengths (I™) obtained from the passive circumference-tension relations were used for calculation of stress (T) and extension ratios (A). The Cross-sectional areas (AJat l o were 0.52 ± 0.02 mm 2 (WKY) and 0.43 ± 0.02 mm 2 (SHR, P < 0.01). Active stress was 21.9 ± 1.0 vs. 29.9 ± 4.7 mN/mm 2 (NS).
veins of group A rats were computed as described in Methods. It was possible to fit the data with good accuracy (r > 0.98) to the equation:
which does not contain a constant term (cf. Eq. 1). The stiffness constant /? was found to be 5.5 ± 0.4 (6) and 5.1 ± 0.6 (6) in WKY and SHR, respectively, with no significant difference. This indicates further that the passive elastic properties are similar in the portal veins. Full length-tension studies were made on group A portal veins only. All portal veins from group B rats were used for metabolic experiments. Force development of these preparations in K + contractures at approximate l o with 0.5 mM and 2.5 DIM Ca 2+ is reported in Figure 6 below. At both Ca 2+ concentrations, active force and active stress were significantly greater in SHR, and the difference is most pronounced at the low Ca 2+ concentration. However, it is notable that, for both WKY and SHR, force development was smaller in these experiments than in the length-tension studies on group A portal veins.
Metabolic Flux Rates of the Vascular Smooth Muscle
Metabolic rates were measured for aortas and portal veins from 20-to 25-week-old rats (group B).
Values of cross-sectional area used for normalization of mechanical data were computed using wet weight of the preparations (see Methods). However, we considered that the comparison of metabolic flux rates between SHR and WKY could be made more appropriately on the basis of tissue dry weight. Table 4 shows dry weight as percentage of wet weight for the different preparations. Whereas a substantially smaller water content was found in the aortas relative to the portal veins, no difference in this respect exists in SHR compared to WKY for either vessel.
Aorta
O 2 consumption (Jo 2 ), lactate production (JLA) and calculated ATP production (JATP) of aortas mounted at U under conditions of mechanical relaxation are shown in Figure 3 . Unfilled bars show WKY; cross-hatched bars show SHR data. Results obtained in normal, Ca 2+ -containing solution are shown by the letter A, those in Ca 2+ -free solution by B, and those in Ca 2+ -free high-K + solution by C. In none of these solutions was there any active tension development. It is seen that, under all conditions, Jo 2 is greater in SHR, but there is no difference in JLA. When JATP was calculated according to standard stoichiometry (cf. Peterson and Paul, 1974) there was a tendency for greater JATP in the SHR aortas under all conditions, but a significant difference was found only in the high-K + Ca 2+free solution.
Metabolic rates measured in relaxed muscles will be referred to as "tension-independent metabolism," whereas the increases in these rates relative to active tension development are designated "tension-dependent metabolism." Correlation of metabolic flux rates with active tension development was made by eliciting contractures in high-K + solution with 0.5 and 2.5 mM Ca 2+ , thus giving two different levels of active tension. Figure 4 shows the data obtained, and also the values from the relaxed muscles in Ca 2+ -free high-K + medium. Unfilled circles show data for WKY and filled circles for SHR. Jo 2 increases linearly with increasing tension, and the difference in Jo 2 between SHR and WKY seen in the relaxed state persists when active tension is developed. Active stress was similar as in the mechanical experiments (Table 2) , and not significantly different between the normo-and hypertensive rats, although the mean values for active stress are slightly higher in SHR for both Ca 2+ concentrations.
In contrast to Jo 2 , JLA decreases when active (11; cross-hatched bars) . JATP = 6.42 Jo 2 + 1-25 JLA (cf. Peterson and Paul, 1974) . A: normal solution, B: Ca 2 *free normal solution, C: high-K*, Ca 2 *-free solution.
tension increases (middle panel in Figure 4 ). No significant difference in JLA between SHR and WKY was seen at any level of active tension. Despite the inverse relation between JLA and tension, JATP increases with tension, as seen from the righthand panel. A small but persistent difference between SHR and WKY appears in the J A TP values, to the effect that the JATP-tension relation is displaced upward for SHR.
Portal Vein
Data from metabolic experiments on portal veins in normal solution are shown in Figure 5 . This kind of vascular smooth muscle maintains a myogenic spontaneous activity, and thus is relaxed mechanically only in Ca 2+ -free solution. Mean force development during spontaneous activity was determined by analog integration, and variation of active force development was made by varying the length of the muscle. Original recordings from similar experiments on portal veins from Sprague-Dawley rats have been published earlier (Hellstrand, 1977) . No difference in either tension-independent or tension-dependent Jo 2 , JLA, or JATP was seen between . Letters A, B , and C denote 0, 0.5 and 2.5 mM Ca 2 *, respectively, in high-K + solution. Unfilled circles: WKY (10), filled circles: SHR (11) . Note that the values in Ca 2 *-free solution (A) are also included in Figure 3 . SHR and WKY portal veins. In contrast to the aortas, a positive relationship between JLA and active tension was found in the portal veins (middle panel).
The general characteristics of energetics in the portal vein seen during the spontaneous activity also are evident in K + contractures, as shown by Figure 6 . However, due to the maintained contraction, mean tension is much higher in the contractures. Metabolic rate does not increase as steeply with tension as in spontaneous activity, resulting in a more "economic" tension maintenance in the contractures (cf. Hellstrand, 1977) . No difference between SHR and WKY is seen in Jo 2 , JLA, or JATP, when correlated to active stress. As for spontaneous activity, all values appear to lie on the same regression lines. In marked contrast to the results for aorta, JLA increases steeply with contracture force in the portal veins.
Discussion
In experiments involving spontaneously hypertensive animals, the question of which strain of Fig. 5 ) in high-K*-induced contractures of different active stress (P). The Ca 2 * concentration of the medium was 0 mM (A), 0.5 mM (B), or 2.5 mM (C). VOL. 48, No. 4, APRIL 1981 normotensive animals should be used as controls is of crucial importance. In several early investigations involving the Okamoto SHR, the controls have consisted of normotensive Wistar or Sprague-Dawley rats. However, the available evidence indicates that Wistar-Kyoto rats, which genetically are more related to SHR (e.g., Ooshima, 1973) , are more appropriate controls. Specifically, with regard to the characteristics of the vascular smooth muscle, aortas from SHR have been found to be considerably more similar to WKY aortas in their biochemical composition than to the aortas from Wistar rats (Seidel, 1979) . One further consideration in defining controls for the SHR is that these rats generally show a slower gain in body weight than normotensive WKY (cf. Brecher et al., 1978; Kwan et al., 1979) . In the present investigation we have used age-matched rats in two age ranges, 16-17 weeks (group A) and 20-25 weeks (group B). In both these groups the SHR had lower body weight (Table 1 ). It is possible that the differences between SHR and WKY in L> of aortas (Table 2 ) and in A o of portal veins ( Figures  2 and 5 , legends) may, in part, be attributed to this difference in body weight. However, the wall thickness of SHR aortas (d 0 in Table 2 ) is increased despite the lower body weight, a change that apparently is associated with the raised blood pressure per se. Note that, in this study, force development was expressed relative to cross-sectional area (active stress), and that metabolic flux data were normalized to tissue weight.
The aorta and the portal vein represent two kinds of vascular smooth muscle with very different properties. The aorta is a much used arterial preparation for which extensive morphological, mechanical, and biochemical data exist. However, the aorta is not a typically muscular artery, so that alterations in its passive wall components in hypertension may be of great importance for its function. The portal vein represents spontaneously active smooth muscle of the kind that has been attributed to small precapillary sphincters and resistance vessels (Mellander and Johansson, 1968) . In the context of hypertensive vascular adaptation it is to be remembered that the portal vein is not exposed to the increased arterial pressure. The portal venous pressure was found to be similar in SHR and WKY (Table 1) .
The present experiments on mechanical activity show that the passive and active circumferencetension relations of the abdominal aorta are shifted toward smaller circumference values in SHR (Figure 1) . At lo wall thickness (do) was increased in SHR. This implies that the wall-to-lumen ratio was increased (do/radius 0.178 in SHR, 0.130 in WKY) and thus, according to Folkow's hypothesis (cf. Folkow et al., 1973) that the "vascular reactivity" would be increased in the hypertensive aortas for geometrical reasons. Such factors are of course of much greater significance in small resistance ves-sels, for which Folkow's theory was formulated. An increased stiffness of SHR aorta is evident from the data in Table 3 . This effect may be considered to reflect alterations in vessel wall composition. However, no change in relative amount of collagen + elastin or in collagen .elastin ratio seems to be found in vessels from SHR relative to WKY (Cox, 1979; Seidel, 1979) . Tobian (1960) has proposed that "water logging" in the arterial wall could increase its stiffness. However, the results of our study indicate that the water contents of the SHR and WKY aortas are the same (Table 4 ). Thus, so far no causal factor for the increased stiffness of the SHR vessels has been firmly established. The active tension, i.e., tangential force per unit segment length, was increased in the SHR aortas, whereas normalized active stress was not different (Table 2 ). This result is consistent with the findings of Warshaw et al. (1979) for arterial resistance vessels from SHR and WKY. No comparable study on SHR aorta, with WKY as control, seems to be available.
The passive and active length-force characteristics of the portal veins of SHR and WKY in group A were found to be similar (Figure 2) . A o was significantly smaller for SHR portal veins and active stress tended to be greater. In group B, active force and active stress both were somewhat greater in SHR. In a comparison of WKY and SHR portal veins, Mulvany et al., (1980) found no difference in either morphological or contractile characteristics. In contrast, Greenberg et al. (1978) and Peiper et al. (1979) report a greater contractility in SHR portal vein. It should be kept in mind that the smooth muscles in our study may not have been maximally activated, since norepinephrine is able to increase contractile force in depolarized smooth muscles (cf. the review by Bolton, 1979) . Also, the smaller active force in group B as compared to group A suggests that tension development may depend on experimental protocol. It is possible that an alteration in excitation-contraction coupling may exist in hypertension and thus be responsible for a difference in active stress.
The metabolic experiments performed in the present study reveal an increased 02-consumption (Jo 2 ) and ATP-production (JATP) by SHR aorta. This difference between SHR and WKY aortas was found when the smooth muscle was relaxed, and remained quantitatively the same at different levels of active tension development (Figures 3 and 4) . In contrast, no significant differences between SHR and WKY aortas were found in terms of their rates of lactate production (JLA)-Although the SHR aortas had a higher rate of tension-independent aerobic metabolism than those from WKY, the tensiondependent rates of metabolism were found to be similar (Figure 4 ). This makes it unlikely that major differences exist in the specific metabolic turnover of the actomyosin system.
For the interpretation of our results, it is essential to know whether the increased vessel wall thickness is accompanied by a proportionate increase in smooth muscle cell mass. In a study of thoracic aortic media from 23-week-old SHR and WKY, Seidel (1979) reports similar total protein, actomyosin, and DNA content per unit wet weight. This was interpreted to show a proportionate increase in contractile and non-contractile wall components in SHR aortas. Our aortic preparations did not consist of isolated media, however, and it is conceivable that the increased basal metabolism in SHR aortas is the result of an increased amount of media at the expense of connective tissue components. No significant difference in active stress was found between SHR and WKY aortas, but in all three series (group A and B mechanical, and group B metabolic, studies) the mean values for SHR were somewhat higher. If this reflects an increased relative amount of smooth muscle cells in SHR aortas, their higher metabolic rate may be explained at least partially by that factor. However, the difference in metabolic rate seems to be relatively larger than that in tension development (cf. Figure 4) , which would imply that metabolic differences at the cellular level are involved. A study of morphological characteristics by hypertrophied vascular smooth muscle currently is underway in our laboratory. Active membrane transport constitutes a substantial part of the total cellular metabolism, especially in cells as small as smooth muscle cells. Studies of membrane transport indicate an increased turnover of K + , Cl~, and Na + in aortas from spontaneously hypertensive rats (Jones, 1973 (Jones, ,1974 . The Ca 2+ control of K + turnover was less effective in aortas from DOCA-hypertensive as compared to normal rats (Jones and Hart, 1975) . In caudal arteries of SHR, Hermsmeyer (1976) reports an increased electrogenic component of the membrane potential. In the same preparation, the K + -induced relaxation from a norepinephrine contracture in K +free medium is augmented (Webb and Bohr, 1979) . These findings suggest an increased activity of membrane-associated Na-K ATPase, which might show up as an increased metabolic turnover.
Some biochemical findings compatible with an increased metabolism of vascular smooth muscle in SHR have been reported. Glucose-6-phosphate dehydrogenase, acid and alkaline phosphatase, and 5'nucleotidase activities are increased in SHR aorta, whereas lactate dehydrogenase and malate dehydrogenase are unchanged (Ooshima 1973; Brecher et al., 1978) . These changes may be associated with increased synthetic and lysosomal activity, as well as increased metabolism in membranes.
In portal veins, both tension-dependent and tension-independent metabolic rates were similar in SHR and WKY (Figures 5 and 6 ). This result stands in contrast to the increased basal metabolism in SHR aortas. Thus it is possible that alterations in vascular metabolism in hypertension are confined to vessels actually exposed to the raised pressure. A mechanical parameter related to metabolic turnover in the actomyosin system is the maximal shortening velocity, which was found by Peiper et al. (1979) to be similar in portal veins from SHR and WKY.
JLA did not differ between SHR and WKY, in either aortas or portal veins. However, a peculiar finding was that, in aortas, JLA decreased with active tension in K + contractures, whereas, in portal veins, it increased (Figures 4 and 6) . Differences in experimental protocol cannot be excluded as a cause, but it is possible that the effect may relate to the differences in overall metabolic rate, membrane properties, and excitation-contraction coupling that have been found between the rat aorta and portal vein. It is interesting that a link between membrane transport and aerobic glycolysis in vascular smooth muscle has been proposed (Paul et al., 1979) .
This study has shown that arterial smooth muscle from hypertensive animals shows distinctive mechanical alterations compatible with the need for sustaining a higher intraluminal pressure. At the same time, the basal metabolic rate is elevated, whereas the energetic aspects of contraction seem to be little affected. The results imply that changes in the vascular neuroeffectors in hypertension may be related primarily to morphology, excitation-contraction coupling, and basic cellular metabolism, whereas the specific properties of the contractile proteins remain unaltered. Further investigations along these lines seem to hold promise for a better understanding of the different aspects of vascular smooth muscle function in hypertension.
